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Abstract 
This paper considers aspects of a program for training future nuclear power plant personnel developed by the NPP Department of Ivanovo 
State Power Engineering University jointly with the Kalinin NPP. The program components include application of computer modeling and 
simulation in the university-based studies and the “8th term” project for studies in the nuclear plant environment. During the 8th term, 
students acquire practical skills in carrying out shop-floor operations and undergo training at the plant’s training center where examinations 
are also taken. The university-based studies include computer modeling for numerical experiments in kinetics of water-cooled water-moderated 
nuclear reactors in the Mathcad environment. Processes are simulated using the VVER-1000 unit computer and full-scale simulators. 
Software packages and procedural guides have been developed for mathematical modeling of reactor transients; simulation programs and 
procedures for the computer and full-scale simulators of neutron experiments and plant startup/shutdown operations have also been developed. 
Integrated training systems contribute to promoting occupational mentality and form an efficient tool for the personal development of future 
staff, so most attention in the use of simulators is given to the effects of individual qualities on the level of success achieved at the given 
stage of training. For illustration, a mathematical model is described and results from numerical experiments to study the reactor xenon 
stability are presented. Integrated implementation of the described training programs makes it possible to cut practically by half the period 
for the university graduates to adapt themselves to plant environment as confirmed by reports from the leaders of respective departments. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Nuclear reactor xenon stability. 
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Bntroduction 
Implementing the existing program for the large-scale de-
elopment of nuclear power in Russia requires training of
ighly skilled staff with an in-depth insight into the neutron
nd thermal-physical processes taking place during the nu-
lear reactor operation under any conditions. It is directly at
he nuclear plant that a university graduate reaches an ex-
ellence as an operating staff member, still, however, it is
ossible to reduce considerably the period of his or her train-
ng thanks to the extensive use of computer technologies in∗ Corresponding author. 
E-mail address: maria_volman@mail.ru (M.A. Volman). 
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452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mos
.V. This is an open access article under the CC BY-NC-ND license ( http://creatihe university studies and the continuous cooperation between
he university and the industry in the process of training. 
University-Enterprise” program 
Since 1985, a “University-Enterprise” program has been 
nder way for training of future nuclear power plant personnel
s part of a contract between Ivanovo State Power Engi-
eering University (ISPEU) and the Kalinin NPP (KNPP),
 component of which is the 8th-term training of students
mmediately in the plant environment. The basis for the
roject introduction was the fact that the KNPP construction
equired a large number of specialist staff for the plant startup
nd operation in accordance with nuclear and radiation safety
equirements. Due to the lack of enough well-trained op-
rating personnel for the unit control rooms, the project’scow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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i  objective was defined as cutting the time for the newcomers
to adapt themselves to the plant environment. ISPEU, one of
the leading higher educational establishments in the field of
personnel training for power industry, was placed in charge
of the project. During the 8th term, students undergo a course
of training at KNPP’s training center to acquire a practical
experience in carrying out floor-shop operations with taking
examinations in such subjects as “Nuclear Reactors”, “NPP
Turbines”, “NPP Power Equipment”, “Safety of Living”,
“Environmental Protection”, and ”Human Engineering” [1] .
The results of practical training are allowed for in updating
the university’s educational program with much training time
devoted to computer modeling and simulation. The latter is
based on a full-scale simulator (FSS) of an NPP unit with
the VVER-1000 reactor handed over to ISUPE by KNPP
and a computerized functional analytical simulator (FAS)
which is identical to the FSS and is a software product from
Western Services Co. Ltd. 
Computer software used as part of the 
“University-Enterprise” program 
Computer technologies are commonly known to be highly
effective in university training of future nuclear power plant
personnel [2–4] . The training technology the university makes
use of, involving the use of computer modeling and simula-
tion, consists of three interlinked components. Component 1 is
a computer-aided laboratory course in kinetics of water-cooled
water-moderated reactors, component 2 deals with FAS-based
simulation of the reactor neutron measurements, and compo-
nent 3 places emphasis on drills in control of processes based
on the FAT and the FSS. 
An in-depth study into neutron processes is based on
numerical experiments conducted as part of an in-house
computer software package [5,6] . Mathematical models
encompass the cold and hot reactor kinetics. They make it
possible to analyze the role of delayed neutrons, the fuel
and coolant temperature effects on the nature of transients,
fuel burnup, the reactor xenon and samarium poisoning, as
well as xenon oscillations and the reactor xenon stability.
Mathematical models are based on a system of stiff nonlinear
differential equations integrated using the respective Mathcad
algorithms. The use of this environment makes the process
of modeling highly graphic and convenient for numerical
experimentation while allowing students to manipulate with
different input parameters, assess their role and undertake a
research of their own. When transients are modeled, attention
is given to the problem of closing the system of differential
equations, which is not just a mathematical problem but is
also of a practical importance allowing conditions to be for-
mulated for analyzing the operation of interacting components
of the unit’s process circuit. Besides, students learn to be
able to consider interlinked transients in components not only
based on numerical experiments but also using a qualitative
analysis of differential equations without solving them. 
The second component deals with the reactor neutron mea-
surements based on the FAT simulator [7] . It should be notedhat reactor measurements are not quite adequately covered by
he existing university programs and respective guides. How-
ver, a nuclear reactor can be safely started up and further
perated only when its neutron performance is known as ex-
ctly as required by nuclear safety and core thermal reliability
egulations. Familiarization with and mastering of the physi-
al experimentation technology during education is one of the
ost important tasks in training of personnel who will be in
harge of nuclear reactor control. 
The closing component is FAT- and FSS-based simula-
ion of the VVER-1000 NPP unit processes, specifically the
nit startup and shutdown [8] . The guidance for this compo-
ent has been developed based on the plant’s model stepwise
tartup/shutdown program with regard for the standard list
f startup/shutdown operations, as well as the procedures for
nd the sequence of these. This training component makes it
ossible for students not only to study the action of the unit
omponents but also to explore the interlinking among them,
olidify and systematize theoretical knowledge, and acquire
rimary skills in operating complex facilities. 
Simulator training promotes the formation of occupational
entality and is an effective tool for the personal development
f future staff and is an aid for the improvement of occupa-
ionally important traits. Therefore, FSS-based simulation of
tartup/shutdown operations includes investigations to identify
he individual and personal qualities that define the degree of
uccess achieved in performing simulator tasks. Personal qual-
ties are a component of competences that has an effect on
he rate and efficiency of their formation. Students with dif-
erent simulator work efficiencies exhibit a greatly differing
xtent to which their personal qualities are pronounced. Ana-
yzing these qualities makes it possible to evolve the guidance
spect of training based both on integrated solutions and on
ndividual recommendations to trainees. 
 study into the xenon stability of a water-cooled 
ater-moderated reactor 
For illustration, we shall consider a computer realization
f a mathematical model for excitation and suppression of ax-
al xenon oscillations in a nuclear reactor allowing students to
xplore this challenging and operationally important problem.
arge nuclear reactors operating with a high neutron flux are
nown to have a potential for a highly hazardous effect that
anifests itself in the occurrence of xenon oscillations and
aves. Xenon oscillations are conditionally divided into az-
muthal, radial and axial oscillations. Experiments show that
nly axial oscillations are what matters to a VVER reactor
nd so measures need to be taken to suppress them. This
henomenon is caused by the positive reactor reactivity feed-
ack with respect to the xenon component. If an oscillation
esulting in a growth in the neutron flux occurs in any core
egion, this will lead to extra xenon burnup, a further neutron
ux growth and a local energy release. Unless this oscillation
s suppressed by the reactor control members, the process
ill progress with a potential of a severe accident involv-
ng fuel assembly damage as the result of linear and bulk
V.K. Semenov et al. / Nuclear Energy and Technology 1 (2015) 135–138 137 
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Fig. 1. Dependence of the temperature reactivity effect on the reactor power 
that defines the reactor xenon instability region: 1 – neutron flux exchange 
time τ ex = 0.001 s; 2 – τ ex = 0.01 s; 3 – τ ex = 0.1 s. 
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ieat load limits being exceeded therein. An integral action
f the control system will cause the neutron flux to decrease
hroughout the reactor core. The xenon concentration across
he core, excluding locally, will start to grow. It will decrease
or some time more in the non-uniformity region and will start
o grow thereafter. Such control system and reactor interaction
ill lead to the region with a variable xenon concentration to
ove within the core with a period of about one day. Tem-
erature and power reactivity effects will have a stabilizing
ffect on the xenon oscillations (waves). 
Numerical experiments to model xenon oscillations are
ased on a system of two similar coupled reactors with an
qual energy release and contacting ends. This system of reac-
ors is a model of one reactor divided vertically into two iden-
ical halves. The exchange of neutron fluxes between these re-
ctors is through the neutron leakage via the contacting ends.
he probability of a leakage is determined by the following
xpression: 
 = 1 − exp (−B 2 M 2 ) = B 2 M 2 , (1)
here B 2 is the geometrical parameter, and M 2 is the neutron
igration area. The neutron exchange time is a preset param-
ter varied in the course of the experiment the threshold value
f which can be estimated from the following formula: 
ex = H 2 / ( v · D ) , (2) 
here H is the height of the reactor half; and D , and v are
espectively the coefficient of diffusion and the velocity of
hermal neutrons. 
Xenon oscillations between the reactor’s upper and lower
alves are excited through the excitation of one reactor half
y an oscillation introduced into it in the form of a reactivity
eap, while the suppression of the introduced oscillation is
odeled by boron regulation acting on both reactor halves.
he consideration is based on a “pointwise” model of the re-
ctor in a two-temperature approximation for fuel and coolant
ith the xenon birth and death equations added to it. Since
he transient is slow, no delayed neutrons affect it in any way,
nd these may be neglected whatsoever, that is, all neutrons
ay be treated as instantaneous or a single-group approxima-
ion may be used. In the investigated model, the axial xenon
scillations were suppressed through a temperature reactivity
ffect and by reducing the time of the neutron flux exchange
etween the coupled reactors. The non-uniformity of the axial
ower distribution is characterized by axial offset (AO) which
s understood as the ratio of the difference in the energy re-
ease between the reactor’s lower and upper halves to the sum
hereof found prior to the oscillation occurrence: 
O = ( W l − W u ) / ( W l + W u ) 0 . (3) 
The parameters representative of the VVER-1000 reactor
re used as the initial data. The representative values of time
cales for some of the processes are in a range of 10 −4 s to
everal days, so the system of equations under consideration
epresents a class of stiff differential equations, and respective
lgorithms have been used to integrate them. 
Based on the presented numerical experiments, curves are
lotted by students to define the boundary between the xenontability and the reactor instability. Oscillations are growing in
he xenon instability region and fading in the stability region.
he transition from one region to the other is characterized
y sustained oscillations. Fig. 1 presents representative de-
endences of the temperature reactivity effect on the reactor
ower which define the reactor xenon instability region for
ifferent values of the time of the neutron flux exchange be-
ween the reactors. Initially, the curve rise results from the
estabilizing impact of the xenon concentration growth due
o iodine decay, and further a stabilizing impact of the reac-
ivity effect manifests itself. We shall note that if the time of
he neutron flux exchange between the reactors will turn out
o be of the order of magnitude of the instantaneous neutron
eneration lifetime, no xenon oscillations occur whatsoever. 
To conclude this study, the numerical experiment results
re compared against the full-scale test results and the re-
ults from a theoretical research into the reactor xenon sta-
ility as part of excitation theory. Thus, for the conditions
f modeling used, the reactor half power jump in the course
f a transient was 200 MW, the overheating of fuel elements
as 27 °, the greatest offset value was 17.8%, the oscillation
eriod was 27.7 h and the fading time constant was 52.5 h.
hese results are in a satisfactory agreement with the exper-
mental data obtained in full-scale experiments on operating
eactor facilities [9] . The suppression of the reactor xenon
nstability thanks to the power reactivity effect, calculated
n the framework of excitation theory, agrees satisfactorily
ith the respective temperature effect found using the above
odel [10] . 
onclusion 
At the present time, a “University-Enterprise” program 
s being implemented at ISPEU for students majoring
n “Nuclear Plants: Design, Operation and Engineering”
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[  (specialization no. 141403.65). The annual admission for this
training course is 40 students. The computer technologies
developed by us and described above have been introduced
into the whole range of subjects and are used as the basis for
students’ research training and graduation papers. The share
of job-related subjects which involve mathematical modeling
and simulation amounts to more than 35%. For some of the
courses, such as “Kinetics of Nuclear Reactors”, “Reactor
Measurements”, “NPP Operating Modes and Operation”, and
“Testing and Adjustment of NPP Equipment”, the number of
training hours allocated for modeling and simulation reaches
90% of the entire education time. 
Therefore, the experience gained in using computer tech-
nologies as part of the “university-industry” program imple-
mented jointly with the Kalinin NPP provides for a beneficial
effect in training future NPP personnel. As reported by the
leaders of respective plant departments, this leads to the time
for the university graduates to adapt themselves to the real
plant environment cut by a third or even by half. 
References 
[1] V.S. Zhuravleva , in: Tezisy dokladov IX Mezhdunarodnoy nauchno-
tekhnicheskoy konferentsii «Bezopasnost, effektivnost i ekonomika
atomnoy energetiki», Moscow, 2014, pp. 251–252 . 
[2] Yu.A. Korovin , A.V. Tikhonenko , Izv. Vuzov. Yad. Energet. (2) (2011)
188–193 . [3] V.I. Naumov , V.Ye. Smirnov , Modelirovaniye nestatsionarnykh i
avariynykh protsessov v yadernykh energeticheskikh ustanovkakh: labo-
ratorny praktikum [Simulation of transients and emergency processes in
nuclear reactors: computer training], MIFI Publications, Moscow, 2007,
p. 104. (in Russian) . 
[4] L.V. Kryakvin, Sbornik programm dlya rasshchyota kinetiki i dinamiki
yadernogo reaktora (Collection of programs for calculation of the ki-
netics and dynamics of a nuclear reactor). Available at: http://www.
exponenta.ru/ educat/ systemat/ kryakvin/ index.asp . (accessed 01.06.15). 
[5] V.K. Semenov , Kinetika yadernykh reaktorov: metodicheskiye materialy
dlya provedeniya kompyuternogo laboratornogo praktikuma [Kinetics
of nuclear reactors: guidance materials for computer training], MIFI
Publications, Ivanovo, 2013, p. 52. (in Russian) . 
[6] V.K. Semenov, M.A. Volman, Programmny kompleks simulyatsii
perekhodnykh protsessov v yadernykh reaktorakh [A software pack-
age for simulation of transients in nuclear reactors]. Svidetelstvo No.
2014618789, 2014 (in Russian). 
[7] V.K. Semenov , M.A. Volman , Reaktornye izmereniya: metodicheskie
materialy dlya provedeniya kompyuternogo laboratornogo praktikuma
[Reactor measurements: guidance materials for computer training],
IGEU Publications, Ivanovo, 2014, p. 80. (in Russian) . 
[8] M.A. Volman , Pusk i ostanov energobloka VVER-1000: metodicheskiye
materialy dlya provedeniya laboratornogo praktikuma [Startup and shut-
down of the VVER-1000 reactor: guidance materials for laboratory
training], IGEU Publications, Ivanovo, 2014, p. 60. (in Russian) . 
[9] Yu.A. Kraynov , A.S. Dukhovenskiy , S.A. Astakhov , VANT, Ser. Fiz.
Tek. Yad. Reakt. (1) (1987) 36–37 . 
10] V.K. Semenov , M.A. Volman , Vestnik IGEU (2) (2015) 15–20 (in
Russian) . 
